THE Indian Institutes of Technology (IITs) are considered as the most prestigious engineering and technology institutions of India. At present there are 23 IITs in India, established during different periods of time. Pandit Nehru, the first Prime Minister of India, credited to take forward the initial ideas of Ardeshir Dalal from the Viceroy's Executive Council to envision the IIT system. The idea was to 'provide scientists and technologists of the highest calibre who would engage in research, design and development to help building the nation towards self-reliance in her technological needs'. The first Indian Institute of Technology was established in 1951 at Kharagpur, followed by IIT Bombay (1958), IIT Madras (1959), IIT Kanpur (1959) and IIT Delhi (1961) . In 1961 the Institutes of Technology act was passed by Indian parliament which declared these institutions as institutes of national importance. All these five IITs were established through foreign collaboration process. Almost three decades later, IIT Guwahati was established in 1994. This was followed by converting Roorkee University to IIT Roorkee in 2001. During 2008-2012, nine more IITs were established (at Bhubaneswar, Gandhinagar, Hyderabad, Jodhpur, Patna, Ropar, Indore, Mandi and Varanasi). And most recently, 7 new IITs (at Palakkad, Tirupati, Dhanbad, Bhilai, Goa, Jammu and Dharwad) are proposed/established during 2015-16.
IITs in India, in addition to being most sought after by students, are also one of the highest funded educational institutions in the country. While the total government funding to most other Indian engineering colleges is around Rs 10-20 crores (USD 2-4 million) per year, the annual funding for IITs varies from Rs 90 crores to 130 crores (USD 18-26 million) for each IIT. The sanctioned faculty-to-student ratios in the IITs vary between 1 : 6 to 1 : 8 as against the target lower limit of 1 : 9 set by the Standing Committee of IIT Council (SCIC). Taking into account the importance of IITs, we have tried to measure their research performance. As IITs are of different age, we have grouped them into three different sets: old IITs (7 IITs which are at least 15 years old), new IITs (9 new IITs established during [2008] [2009] [2010] [2011] [2012] and recent IITs (7 IITS established during 2015-16). Of these, we have excluded the recent IITs from analysis as they have come into existence within the last five years only.
IITs, despite being the most prestigious institutions in India, do not rank high in top universities list of the world. For example, none of the IITs figures in top 500 institutions list of Academic Ranking of World Universities (ARWU) 1 for 2015. Though the position of IITs in the recently announced University Ranking by Academic Performance (URAP) is better, with 10 IITs included in the top 200 world institutions, the world ranking of these institutions in other international rankings (such as QS, THE, Leiden, etc.) continues to be poor. While older IITs are placed in bracket of 300+ or still lower ranks, some newer IITs go unreported in many international rankings based on academic performance.
It is in this context that we have tried to do a detailed research performance assessment of the 16 IITs. The objective is to analyse the research performance of all the IITs (both older and newer ones) on various parameters and to compare them with the research performance of similar kind of high ranking world institutions. We have analysed the research performance in terms of both quantity and quality and identified disciplinary research strengths of each of the 16 IITs. Top cited papers are also identified along with their discipline. At the end, we have provided a quality-quantity composite research performance-based rank of the 16 IITs (based on our proposal of composite rank reported in Basu et al. 2 ).
Related work
There have been some previous studies on research performance assessment of Indian institutions [3] [4] [5] [6] . IITs being high performing institutions are included in several such studies even if they do not specifically focus on IITs only. The most notable ones include Prathap and Gupta 3 , Nishy et al. 4 4 performed an impact-Citation-Exergy (iCX) trajectory analysis of some leading research institutions in India using the publications for the time period 1999-2009 and citation window of 2004-2010. Prathap 6 mapped the research performance of higher educational institutions in India using SCImago Institutions Rankings (SIR) world reports 7 of 2013, which in turn was based on the indexed data from Scopus for the period 2007-2011. Some other studies also tried to measure research performance of a specific institution or a group of institutions [8] [9] [10] . The present analytical study is not only different from most of the previous studies in many respects but it also adds value to the analytical results reported earlier. The salient differences include: (a) a large period of 25 years data being used for analysis, (b) comprehensive coverage of both older and newer IITs, (c) a text analytics approach to identify disciplinary research strengths of different IITs, and (d) a composite quantity-quality rank computation for the 16 IITs. We have analysed research publication data for all 16 IITs and performed various computations. The analysis produces most up-to-date results of research performance assessment of IITs and also compare them with two top perfoming world institutions. Identification of disciplinary research strengths, most cited papers and generating quantity-quality composite ranking are the most notable contribution of this study.
Data and methodology
For the research performance analysis, we have downloaded the research output data for the 16 IITs as indexed in WoS for the 25-year period A systematic analysis of the collected data has been performed by computing different scientometric indicators and writing computer programs to process textual fields of collected data. Directly measured scientometric indicators include: Total papers (TP) and total citations (TC). The computationally derived indicators include: average citation per paper (ACPP), productivity per capita (PPC), citations per capita (CPC), highly cited papers (HiCP), international collaborative papers (ICP) and h-index. The ACPP value is computed by dividing TC by TP. The CPC value for each institution is computed by dividing the TC value of that institution with its faculty size. The HiCP value is computed with respect to the given set of institutions from the TC values sorted in descending order. The top 1% of most cited papers of the set constitute HiCP instances. The indicator values are computed for the full 25-year period (1990-2014) as well as most recent 5-year period (2010) (2011) (2012) (2013) (2014) . Further, the data is processed to categorize the research records into different subject categories (15 broad disciplinary areas). This helps in identifying disciplines in which different IITs have strong research presence. Finally, different indicator values computed are used to compute composite quantity-quality ranks for the IITs. Analysis is performed computationally by writing programs in R and using other standard data analytics and visualization software.
Research productivity
As IITs are of different age and varying faculty sizes, it would be reasonable to expect differences in their research productivity. Table 1 shows the research outputs for the full 25-year period and the most recent 5-year period for all the IITs (except the recent IITs which are just announced). We can observe the variation in TP values among different IITs. This variation is not only seen between the old and new sets but also among the IITs in the same set. 
Citation impact
Assessment of quality of research is equally important for research performance assessment. Citation-based measurements are considered as measures of quality and impact of research. In addition to directly available value of TC for each institution, we have computed ACPP and HiCP counts. The computed values of these indicators for each of the IITs are compared across different IITs as well as with three benchmark institutions. Figure 2 . The bubble sizes are proportional to TC values of the respective IITs (greater size denoting higher total citation). The plot shows that old IITs (IITKGP, IITB, IITM) occupy better positions.
For each of the IITs, HiCP counts have been computed. For this, first top 1% most cited papers in the entire set were identified and then HiCP instances for each of the IITs were counted. It was observed that only 6 IITs contribute more than 75% HiCP in the set, with IITB leading the set with 85 such papers. Table 4 shows the percentage of HiCP papers contributed by each IIT. It is seen that IITB has more than 20% HiCP instances, which include 1.33% of its published output. This is followed by IITKGP (~15%) and IITD (~13%). Among the new IITs, IIT(BHU) contributes about 5% of the papers to HiCP set. IITI shows impressive performance among the new IITs. In order to see what kind of papers are among the HiCP set, details of 20 most cited papers along with their subject categories are shown in Table 5 . Seven papers are seen having more than 1000 citations each, among which 2 are from computer science and 1 from nuclear physics and the rest from multidisciplinary science, interdisciplinary engineering, chemistry and energy and fuels. It is also found that most of HiCP instances from all IITs are from the field of computer science having cumulative citation of 6500.
After computing all citation-based values for each of the IITs and their comparison within the set, they are compared with the corresponding values for the three benchmark institutions, as shown in Table 3 
International collaborative papers
It has been reported that International Collaborative Papers (ICP) obtain relatively higher impact than non-ICP instances 12, 13 . Therefore, ICP values for all the IITs for the 2010-2014 period were measured ( Table 2 ). It can be observed that IITB has the highest ICP value (1470) followed by IITM (1396) and IITKGP (1394). Among the new IITs, IIT(BHU) has 410 ICP instances followed by IITH (165) and IITI (161). To further analyse the international collaboration behaviour of the IITs, the major collaborating countries were identified. Table 6 
Discipline-wise research strengths
The analysis done so far helped in assessment of overall research performance of different IITs, but it did not tell which IIT is doing good research in which subject area. It was thought to be very interesting and useful to know which IIT has what strong research area/department. For this purpose we categorized the research outputs of all the IITs into 15 broad subject categories 14 (originally used by Rupika et al. 15 ). These 15 subject categories correspond to broad research disciplines pursued in IITs. Each paper is assigned to one of the 15 subject categories and then the total number of research papers in each of the 15 categories for all the IITs is computed. We have first plotted the discipline-wise distribution of the total research output for all the IITs taken together (Figure 3) . The plot shows the discipline-wise distribution for the 1990-2014 and 2010-2014 periods. We observe that a majority of the research output from the IIT set belongs to physics, chemistry (including chemical engineering) and material sciences, during both the periods -25 year as well as 5 years. This is a little surprising taking into account the fact that IITs are primarily engineering and technology institutions and have higher faculty strengths in engineering departments. It is also interesting to observe that approximately 33% of the research work in all the disciplines is done during the last five years.
The discipline-wise research performance of individual IITs has also been analysed. Table 7 shows the research strengths (measured in terms of TP) of different IITs in different disciplines. It is observed that IITKGP and IITB are placed on top in several disciplines, while other institutions such as IITM, IITR and IITD are placed high in some other disciplines. For example, IITKGP and IITB produce a good amount of research in CHEM discipline. IITM produces a good amount of research in CIV and MECH disciplines. New IITs are comparatively less visible for obvious reasons. This analysis of research outputs according to subject areas may be used for identifying the institutes which may have potential for excellence in a particular discipline. The discipline-wise analysis can also be used by policy makers/funding agencies in instituting programmes for differential funding to institutions in particular disciplines. Prospective students can also use these outputs to select a suitable IIT for their research interests in a given discipline.
Composite rank of research performance
We have also tried to summarize the position of different IITs in various international rankings and compared them with a proposal for a quantity-quality composite rank of all IITs. As new IITs do not figure in international rankings, the composite rank serves as an initial ranking for their research performance. The proposed index is a composition of both quality and quantity indicators of research performance, as originally proposed in a previous work 2 . It is called a quality-quantity composite index (QQCI) and is based on bibliometric indicators: TP, TC, HiCP, ICP, ACPP and CPC. To implement QQCI, the values of each variable are reduced to a score lying between 0 and 1 by taking the ratio of the value to the maximum value of each corresponding field in the dataset. Two composite indices QQCI (1) and QQCI (2) are proposed Q score = Mean (TP score , TC score , HiCP score , ICP score ),
QQCI(1) = Q score * ACPP score ,
QQCI(2) = Q score * CPC score . Table 8 shows the QQCI(1) and QQCI(2) ranks for the 2010-2014 period for all the IITs. We can see that IITB is placed high on both indices (QQCI(1) and QQCI (2)). IITKGP and IITD follow in order on QQCI(2) whereas IITM is placed higher than IITD on QQCI(1). Among the new IITs, IITI, IIT(BHU) and IITRPR have better scores on both QQCI(1) and QQCI(2) than other new IITs. We found a significant degree of rank correlation between QQCI(1) and QQCI(2), though one of them depends on average citations whereas the other on faculty size. It is observed that mainly the old IITs are included in international rankings (except URAP which includes three new IITs). One interesting fact to observe is that QQCI(1) and QQCI(2) ranks correlate well with most of the international rankings especially the ones which are based on research performance rather than perceptual factors. For the old IITs, QQCI(1) is entirely consistent with the THE ranking and differs only one position with URAP. This can be taken as a sense of credibility of the methodology and that QQCI(1) and QQCI(2) rank orders for new IITs are correct rankings for their research performance. We also see variation in rank positions in NIRF, which ranks IITM at the top position (3rd and 4th for QQCI(1) and QQCI(2) respectively). This may be an acceptable departure as NIRF is not an entirely research performance ranking framework and includes several factors of teaching, learning and representation in the institutions. Overall the composite ranks prove to be a good measure of relative research performance of all IITs, perhaps the first of its kind to rank all 16 IITs in India.
Conclusion
A computational analysis for research performance assessment and ranking of 16 IITs in India has been performed. Research publication data from the IITs is analysed and different performance indicators are computed. The values for different IITs are compared for a relative assessment and ranking. Performance indicator values for IITs are also compared with those of three benchmark institutions. The discipline-specific research strength of each IIT is also computed. A composite rank for all the 16 IITs is derived and compared with the position of IITs in various international rankings. All these analytical results present a comprehensive analysis of research performance of IITs in India.
In the analysis, IITB ranks first on both QQCI(1) and QQCI(2) composite indicators. IITKGP (oldest among IITs) is placed second and obtains high values on many performance indicators computed. Other older IITs are also placed significantly higher than new IITs on most of the indicators. This is largely in agreement with the findings reported earlier 3, 5, 6 . The exact rank positions of these old IITs, however, differ slightly in these studies. We would particularly like to highlight three important outcomes of the analysis. First, the analysis shows that there is a substantial difference in research performance levels of old IITs vis-à-vis the new IITs. This can be explained by the fact that new IITs are quite young for a research performance comparison with old IITs. Some new IITs, particularly the IITI, show promising research performance. Second, and the more important outcome of the analsysis is the fact that even the best performing IITs are far behind in research performance of the two top ranking world universities (MIT and NTU). Of these two, NTU established in 1991 (ref. 22) is younger than the five older IITs, which shows that the age of an institution alone does not necessarily matter for higher performance. If a new institution like NTU can achieve research performance levels to be included among top ranking world institutions then why not some of the Indian IITs? For IITs to be placed high among the world institutions, a lot of effort and support is required. Third, the disciplinewise research performance analysis indicates that majority of the research output from IITs is in PHY, CHEM and MAT disciplines and research in engineering disciplines lags behind substantially. IITs being primarily engineering and technology institutions, should produce more research work in core engineering disciplines.
